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TESTS OF ALUMINUM-ALLOY STIFFENED-SHEET SPECIMENS
. CUT FROM AN AIRPLANE WING s =

. By Marshall Holt PP [

SUMMARY - - . . Co -

s e _ e - Il =

The specimens used in : the present . .tests were cut from
an actual airplane: wing of .the stressed-sgkin type. . The
specimens thus -obtained were not representative of the
usual type of laboratory specimens because the stiffeners
were not exactly parallel nor evenly spaced and, in one
case, the skin consgigted of pileces of sheet of dlffgggnt
thicknesses. The test data obtained indicate that the
buckling strain of stiffened curved sheet can be computed _ -
with reasonable aceuracy- by the -equation given by Wenzek.
The ultimate loads.of the specimens when- tested as flat.
sheet were within +11 percent of the product of the. com-
pressive yield strength?andwthe:brossrssctiOnal'arba.ofh
the . gtiffeners. . A rivet spacing .eQual-to. 98 times-the-
sheet thickness was:a source of wesakness, and rivet spac—
ings up.to. 36 times the sheet thickne&a appeared'satlsfac—
cboryes oo Tl S 51 = 7 w30 -

P T R - - L, . -

P

INTRODU&TI&N'

The sluminum-alloy stiffened-gheest specimeng used in
these tests were representative of members actually used ) L
in the stressed-gkin type of-construction. The informa- o
tion obtained from these specimens. sghould be of value.in
interpreting the results of tests of laboratory sp301mens ¢

for design purposes._

|

The object -0f this investlgation was.-to obtaln infor— .
mation on the strength and behavior of aluminum-alloy. .
stiffened-gheet specimeng of the proportions. actually used
in airplane construction and to study- the effects of cur-
vature on the elastic. buckling strength of thin sheet by
.means of successive tests of one specimen Uging ftemplets
of various radii. The speclmens were tesgted- to failure
ag stiffened . flat sheet.
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DESCRIPTION OF SPECIMENS

The sgix specimeng obtained from the airplane wing
are described in figuresg 1 to 4. In specimens 4 and B
the gkin consisted of three and two pieces of sgheet,
regpectively, with lap eplicesg at gtiffeners as shown.
After a number of tests of specimen A with various radiil
of curvature and with gstresses in the elagtic range, the
two edge panels were removed, leaving a specimen with five
stiffeners and the four intermediate panels of specimen A.
Thig specimen was designated A!'. Two of the four stiffen-
ers of specimen C were extruded bulb angles and the other
two Were formed of alclad 24S-T sheet. The details of
thege formed angleg are given in figure 3. Along the ex~
truded edge gtiffener, there was the overlapping sheet of
2 splice. Specimensg D, E, and F,were teken from an aileron
and consisted of & piece of sheet with a single extruded
243-T7 bulb-angle stiffener attached to the longitudinal
center line of the gheet. '

Before testing, the ends of the specimens were finighed
flat and parallel in a milling machine. The degree of par-
alleligm of the ends is indicated by the tolerance of 0.002
inch in the lengths of various elements of the sheet and
stiffeners. .In specimen A, ‘the end surfaces were made nor-
mal to the middle .gtiffener and, "in -specimens B and C, they
were mormal to one .of .the intérmediate -gtiffeners. Of
course, in specimens D, E, and F the end surfaces were nor-
mal to the single gtiffener.

METHOD OF TEST

The stiffened-gheet specimens were tested between the
fixed heads of an Amsler testing machine of the hydraulic
type having a maximun capacity of- 300,000 pounds. The
smallest load range of 30,000 pounds was used. Before the
tests, the platens of the testing machine were alined prac-
tically parallel, under zero load, by means of the specilal
leveling rings in the lower head. Thege leveling rings,
which were developed and built at the ‘Aluminum Resgearch
Laboratories in 1938, may be geen directly below the lower
platen in figures 5 and 6. The distance between the bear-
ing surfaces at the four corners wWas measured by a 0.001-

inch dial gage. - At the ends of ohe diagonal of the 24-inch-

square plateng, the variation in distance between the
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platens was only 0,0001 inch; whereas, at the ends of the
other diagonal, the varistion was about 0.002 inch. This
lack of parallelisgm was not considered objectionable in
these tests because the lack of parallelism of the ends
of the specimens was alsgo of this order of magnitude.
The gpecimens were placed in the testing machine in guch
a way that the lack of parallelism of the ends of the
specimens compensated for that of the platens.
For those tests in which the specimens were loaded
as gtiffened flat sheets, stralght bars were clamped to
the platens and the specimensg in turn were clamped against
these bars. Figure 5 shows specimen A in the testing ma-
chine ready for the test as a stiffened flat gheet.

For those tests in which the specimens were .loaded
as stiffened curved sheets, templets of the désired radius
were clampéd to the platens of the testing machine and the
specimen was sprung elastically to fit the templets. This
arrangement isg illustrated in figure 6. A face of the

holding blocks was turned to the correct radius and glotted

to fit over the stiffeners, pressing the sheet against the
templet. In order to obtain a satisfactory fit with the
smaller radii, it was necessary to use more holdlng blocks
than the one pair shown in figure 6.

Longitudinal strains were measured on both sides of
the speciméns st a number of gage' lines along the trans-
verge center line by type A Buggenberger Tensometers uging
2 l-inch gage length. The magnification ratio of these
ingtruments is about 1200, which gives an estimated strain
measurement corresponding to a stress of about 80 pounds
per square iunch. It is realized that the meagurenment in
only the longitudinal direction is ingufficient to deter-
mine the streses in the sheet, but it was previouwsly found
that the average stress could be determined from the av-
erage of the straing on the two sides of the sgheet. -
Furthermore, inagmuch as it was decided to deal with ecrit-
ical buckling strains and not stresses, it appeared that
the one measurement ghould be sufficient. Becauge the
gtrains could not be measured simultaneously on all the
gage lines, it was necessary to load the specimen a number
of times, keeping the stresses within the elastic stress
range. -

Specimen A was tested a number of times, first as a
flat sheet and then as & curved sheet unsing radii corre-
sponding to radius—-thickness ratios of about 2000, 1500,
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and 1000. ©Because the buckling strengths of the sheet in
thege conditions were all in the elastic stress range, nd
permanent sets were developed. The width of the specimen
was then reduced to approximately 21 inches by removing
the two outside stiffeners and panels. BSpecimen A' was'
then tested as & flat gheet, with a radiugs-thickness ratio
of 1000, and finally to failure ag a flat sgheetl.

RESULTS AND DISCUSSION

: Typical relationships between the load and the meag~
ured longitudinal straing are shown in figures 7 and 8.
As stated previously, it was thought advantageous to con~-
gider critical strains rather than critical stresses be-
cause of the combination of alloys used; namely, 248-T
extruded gtiffeners and sheet, alclad 245-T sheet, and
alclad 248-RT gheet. For the low stresses encountered,
there might not have been any question about the valué of -
the modulus of elasticity but, by considering strains,
that question cannot arise except in the computation of v
the average strain P/AE. Becauge the comparison of this .
computed average strain with the measured straing is rel-
atively unimportant, the guestion of the value of the mod-~
nlug of elasiicity is not serious.

The average of the measured strainsg is given for
those stationg at the middle of the sheet panelsg. It will
be noticed that in nearly. every case thisg curve of average
meagsured strain indicates a maximum value of strain that
can be developed in the gheet. The maximum value of the
average strain will be referred to as the measured criti-
cal strain. Valueg of measured c¢critical strain for all
the specimens are gilven in tables I and II.

For the specimensg tested ms stiffened.flat sheet, the
critical buckling strain can be computed by the egquatlon
(reference 1)

(s)
€c = _¢ o k (1)
B 1 - Ma -1
in which
€, eritical buckling strain, inches per inch 4
O, critical buckling stress, pounds per square inch,

I3

B ‘modulus of elagticity, pounds per square inch
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k¥ ..coefficient depending on gupport at edges of sheet
. penel and on proportiong-.of sheet. panel

e -P01sson‘s ratio

t ‘thlckness of sheet..inches_

and - o e .
b unsupported width of sheet, inches

With a very few exceptions, the measured critical
straing fall between the two limiting values of critical
strain computed for the conditions of simply supvorted
edges and for built—in edges. This conparison 1s shown
in table I. -

Figure 9 shows the load-strain relationsghips for gage
line 10 of specimeng A and A'. The influence of the cur-
vature on the measured critical strain and on the load. at
which the meagured critical gtrain was developed 1s appar-
ent. A noticeable difference in the behavior of the spec-
imeng was noted in that the suddenness of the buckling in-
creased as the radius of curvature decreased. As indicated
in figure 9, the load at which the measured stress in the
flat panel was developed is not well defined. The buckle
formed at a low load and increased in size with no definite
buckling.actioxn. With decreasing radii, the definiteness
of the load at buckling increases. With a radius of cur-
vature of 46.5 inches,. the buckle occurred with such vio-
lence that the Tengometers were Jjarred and mdditional
readings at higher loads could not bé taken. The buckles
vanished rather violently under decreasing loads. Thisg
evcle of Dbuckling and returhing to the original curved
conditlon was repeated a number of times.

The effects of curvature on the measured crltlcal
strains are indicated in figure 10. Except for gage
line 2, which was in an exterior panel, the data points
agree reasonably well with the straight-line relationship
expressed by tne Wenzek formula (reference 2)

e = /6\ +. O 3 (ﬁ) - 'TL .: 2 (2)

in which 'R _is the radiug of curvature and_thelétie}“.
terms are previously defined. The firgt term on the right
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will. be seen to have the .same form as the right-hand member
of equation (1); whereag the secodnd term shows the effects
of the curvature. The use of the factor 5 in the first
term gives the buckling strain in a flat sheet panel with

a slight amount of restraint along the edges which are not
loaded. The amount of this restraint is iundicated by the
position of the intercept on the axis of critical strain
relative to the two 1imit1ng valueg of computed ecritical
strain,

Also shown with the data in figure 10 ig the curve of
the egquation (reference 3)

o) 4 a
= L& = v/lz(l - W )/t\ + <Eﬁ> + <E§> (3)
B b b
6(1 - u )
in which the terms have been previously defined. Thig

equation can be reduced to the féllowing form which is
guite .similar to that of equation (2)

S0 o /8 /r____f;____ "z\a'f )
E 6(1 - W ) \v/ 8(1 - p?) 2 3(1 - pNE

(3a)

For the case in which the effects of % are small
in comparison with those of-% » this equation reduces %o

that obtained for.a flat panel with simple support on all
four edges. Conseguently, in figure 10, the curve inter-
gsects the axisg of critical strain below the value of the
critical strain computed for flat gheet with simple sup-
port along the edges which were not loaded and complete
fixation along the loaded edges.

For the case in which the effects of _% are gmall

in comparison with those of % , this equation reduces to
that obtained for a complete cylinder which appears to-
predict values of critical buckling stress two or more
times greater than most tegt results (reference 4). For
large valuesg of %, the curve approaches a gtraight line,

the glope of which is about twice as great as that of equa-
tion (2). The test data in figure 10 indicate that the
effects of the term involving %- are too great. It igs

4.
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suggested by Schapitz and KErumling (reference 5) that the
effects of this term be.reduced to corregpond to a critical
buckling stress for a complete cylinder given by the equa-
tion

0, = 0.28 £ . - 4
o : | (4)
in which the terms arse prev1ously defined. This suggestion

leads to a slope only two-thirds that of equation (2) and
legs than that indicated by the trend of the data in figure
10.

In reference 3, a comparisgon is made of predicted
critical stresses (equation (3)) and failing stresses for
gsome stiffened curved panels. The predicted critical
gtresses were legs than the failing stressses, the ratios
ranging from 0.332 %0 0.950. Such a comparison is miglead-
ing because, for large ratiog of % with stiffened speci-

meng, buckling and failure are quite different phenomena.
The ratios of the gtrengths will vary considerably with
the proportionsg of stiffeners and ghest.

The ultimate loads and the average stresses at failure
for the specimens tested as fat sheet are given in tabdble III.

In specimen B the centers of the outstanding legs. of
the extruded stiffeners deflected noticeably in the dirsc-~
tion parallel to the sheet at a load of 13,500 pounds;
whereas the ultimate load was 16,475 pounds. After failure
the ghape of this edge was much like that of a column tested
to failure with flat ends and the wave length wag entirely
independent of that of the gheet.

In specimen ¢ the outstanding legs of the formed stiff-
energ showsd some deflection parallel to the sheet at a
load of about 7500 pounds; whereams the ultimate load was .
12,975 pounds. The wave length of the outstanding edges of
the sheet was approximately the same as the wave length of
the buckle pattern in the sheet between the sgtiffeners;
namely, about 5.5 inches. The extruded stiffeners of this
specimen, unlike thosge of specimen B, developed a wave
length nearly equal to that of the buckle pattern in the
sheet. The lateral deflections of the outstanding legs of
the extruded stiffeners were much smaller than those of the
formed stiffeners.,
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The difference -in the wltimate strengths of specimens
B and ¢ reflects the combined effects of the differense in
sheet thicknegs and the difference in formed and extraded
gstiffeners.

The failure of specimen E wasg probably precipitated
by the buckling of the sheet between rivets. As noted
above, the rivet spacing wasg 98 times the sheet thick=ess.
This action is at least partly respongible for the differ-
ence in the ultimate strengths of specimeng E and F. The
greater value of % for specimen B algo ig probadbly partly

respousible. Specimens D, E, and F, with a single stiffener,
failed by twigting of the center relative to the ends.

In the design of structures of this type, it isg ugually
agsumed that only a portion of the gheet acts with the gtiff-
eners and is effective in- gupporting the load. If it ig
asgumed that failure occurs when the gtress on the effective
area equals the compregsive yleld strength of the material, ’
the effective width of sheet panel between adjacent stiffen-
erg can be determined by the equation (reference 6)

2b, = £t /B (8)
° Gy:.eld.
in which ” C
2by effective -width of sheet per panel, inches
c coeff101ent (theoretlcally varying from ‘1.24 to 1.90;
taken here as 1.70) -
and
ojield compressive yield strengtn of materlal poundg
. per square inch }
For specimeng A', B, and C the effective areas are 0.593,

0.462, and 0.402 square inches, respectively. Based on a
compressive yleld strength of 44,500 pounds per .gquare inch
(88 percent of the average tensile yield strength. of the
stiffener material, (reference 7} the computed vltimate t
strengths are 26,400, 20,600, and 17,900 pounds. Thesge
values are from 19 to 38 percent greater than the test re-
sultg given in table III. The use of 1. 3 ag the value of
C in equation (5) reduces the excesses to about 14 and 33
percent.
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It might also be assumed that the stress at failure
is less than the.compréssive yield strength and that the
effective width of sheet may be computed by the equation
(reference 8)

- Op | . '.‘: . N
e T W, L

in which a S S -
b width of sgheet penel between adJacent stiffeners.

inchss
Op critical buckling stress. for sheet panel, pounds per

square inch - _ R —
and : : ..
Og - stiffener stress or average stress on effectlve area,

pounds per square inch

If the curvé of column strength of the material is usged to
determine the value-of a4, the ultimate load of a member
can now be computed. The results of such computatlons for
specimens A', B, and ¢ are 26,300, 19,030, a&nd 17,800 o
pounds, respectively. Thesge values are from 16 to 37 per-
cent greater than the test results given in table III.

A third assumption for computing the ultimate strengths
is that no sheet is effective and the average stress at fail-
ure equals the compreaslve yield- strength of the material.
The strengths of specimens A', B, and ¢ computed on thi's
basis are 20,300, 16,100, and 14,150 pounds, respectively.
These values as well ag similar values for specimensg D and F
are within +11 percent of ‘the test results given in table III.
The computed strength of specimen E ig the only one differing
appreciably from the teést result (41 percent greater). It
should be noted that the sheet of this specimen was the thin-
nest of the lot and that the rivet spacing was about 98
timeg the thickness of the gheet.

CONCLUSIONS

The following conclusions have been drawn from the
data obtained from tests of stiffened-sheet specimens cut
from an airplane wing and the discuspslion pregented in the
pregent report. The gpecimeng consisted of 245-T stiffeners,
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alclad 248-T sheet, and alclad 248-RT gheet. In the spec-—
imeng wlth more than one gtiffener the stiffeners were not
exactly parallel. . . :

L. The critical buckling strain of stiffened curved
sheet in the elastic range varies linearly with the ratio
of the thickness of sheet to the radius of curvature and
can be computed with reasonadble accuracy by the equation
given by Wengek. '

2. The guddenness and violence of the bduckling in-
creasges asg the radivs of curvaturse decreases.

3. For ratiog of radiusg of curvature to thickness of
sheset equal to or greater than 1000, the buckling of
alclad 245-T sheet is elagtic. By alternately increasing
and decreasing the load in a range including the buckling
load, the buckle pattern can be made to snap intoc and out
of the curved sheet. :

4. A rivet spacing equal to 98 times the thickness
of the gheet is a source of weaknegs. In specimens with
e rivet spacing equal to or legs_ than about 36 times the
thicknese of the sgheet, the ultimate strength 18 not af-
fected by the rivet spacing.

5. For the specimensg with slenderness ratios between
about 36 and 66 and with a rivet spacing of about 36 %imesg
the tlickness of the gheet, the ultimate loads based on
the stiffensr area elone and the compressive yleld strength
of the material are within +11 percent of the test results.

Aluminum Regearch lLaboratories,
Aluminum Company of America,
New XKensington, Pa., November 19, 1942.
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CRITICAL BUCKLING STRAIJS FOR STIFFENED FLAT SHEET

'ESpecimens cut from an airplane wing] -

i - . Computed Griticael Strain*
Gage| b Meagursd -
Specimen|;; .|  |eritical Simply
strain’ supported Fixed
edges edges
2 {172 1.80 x 1074 .1.48 x 107* 2,42 x 10™°
14 170 1.80 1.52 2.48
A 6 177 .80 1,407 2.28
l'g |175 | 1.40 1.40 2.28
10 [184 | 1.80 1.3% 2.12
12 |168 | 2.60 1.52 2.49
) 4 {170 2.00 1.52 2.48
ot & | 177 1.40 1.40 2.28
8 {175 | 2.20 1.40 2.28
|10 |184 1.80 1.31 2.12 -
[ 2 (170 {1.75 - . '1.38 - 2,31
B 4 170 1.58 1, 38 2.31
1 6 171 1.90 1.36 2.28
[ 2 |185 | 8.20 1.61 2.72
c 4 |148 | 2.80 1.76 2.99
6 |169 1.70 1.37 2.31
D (1 |132 . 40 . 445 743
1 5 |132 .40 . 445 743
E 1 P4 | memmmmmm . 790 2.12
3 74 1,40 . 790 2.12
7 1 83,3 ~—mmmme 3.59 10. 40
{ 3 33,3 7.8 3.59 10. 40

*Computed
edges are

by eguation (1) on the basis that the loaded

fixed.
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TABLE II1
CRITICAL BUCKLING STRAINS FOR STIFFENED CURVED SHEEET
[ specimens cut from an airplane wing]
Radiusg Measured
Specimen of Gage R b critical
curvature, R line t t strailn
(in.) (in./in,)
(2 2067 | 172 1.20 X 10°°
4 2067 170 2.60
s 62 6 | 2100 | 177 3.30
) 8 2100 | 178 3.30
10 2100 184 3.10
L12 2258 168 .00
(2 1550 | 172 1.70
4 1550 170 3.50
4 46. { 6 1577 | 17% 4.00
5 8 1677 1795 4,30
10 15677 184 4.20
12 - 1691 168 3 .40
(2 1033 | 172 2.30
4 1033 170 4, 60
A 27 - ﬁ 6 1050 | 177 5.50
8 1050 17D 6.00
10 1050 184 5.30 -
12 1129 | 168 | 4.40
4 1033 170 4.20
Al 31 6 1050 177 5.00
i 8 1050 175 5.80
110 1050 | 184 4,30
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TABLE III

ULT IMATE STRENGTHS OF STIFFENED-FLAT-SHEET SPECIMENS

[Specimens cut from ah airplane wing)

Cross-gectional : Ultimate|Average

Specimen area,* A S;:nde:ngjs load, Plstress,* P/A

(sq in}) ratio, Pl .
] _ (1v) (1v/sq in.)

At 1.112 36.6 22,175 19, 940
B .858 ' 54.1 16,475 19,200
c 717 . 65.6 12,975 18,100

D .333 50.7 44100 12,310 -
E 157 - 40.83 3,000 19,110
) .152 38,8 3,600 23,680

¥Assuming full width of sheet acting with the stiffeners.
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Figure 5.- Arrangement for testing a stiffened-flat-sheet
specimen.
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Figure 6.~ Arrangement for testing a stiffened-curved-sheet
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